ome time, perhaps around the turn of the century, robot technol ogy will develop to the degree necessary to produce the totally automated factory. In such factories, robots will perform most, if not all, of the operations that now require human skills.
There will be totally automated in ventory and tool management, auto mated machining, assembly, finish ing, and inspection systems. Auto mated factories will even be able to reproduce themselves, i.e., auto mated factories will make the com ponents for other automated fac tories.
Once this occurs, productivity im provements will propagate from gen eration to generation. Each genera tion of machines will produce machines less expensive and more sophisticated than themselves. This will bring about an exponential de cline in the cost of robots and auto mated factories, which may equal the cost/perfor mance record of the computer industry.
For the past 30 years, computing costs have spiraled downward by 20 percent per year. This, at least in part, is due to the fact that computers are used to design, construct, and test other computers. Once automated factories begin to manufacture the components for automated factories, the cost of manufacturing equiment will also fall exponentially. This ob viously will reduce the cost of goods produced in the automated factories. Eventually, products produced in automated factories may cost only slightly more than the raw materials and energy from which they are made.
The long-range potential of totally automated manufacturing is literally beyond our capacity to predict. It may change every aspect of industrial society. Automated factories that can operate without human labor, and reproduce themselves, could lead to an entirely new era in the history of civilization.
In light of this unprecedented economic potential of robotics, I'd like to comment on why the imple mentation of this technology is pro ceeding so slowly. One major reason, at least in the U.S., is that funding for robotics R&D has been very modest. Every indication is that support will grow, but not dramatically. The federal government has no plans to launch a massive research effort and private investment funds are not like ly to be committed because of the long-term payback. Robotics is still a long-term, time-consuming, and risky research topic.
Also, there is no certainty that in ventions can be kept proprietary. Therefore companies that make the investments have no guarantee that they can capture enough benefits to make the risks worthwhile.
O v e r s e a s r e s e a r c h
In contrast, most knowledgeable observers estimate that the Japanese are spending about three times as much as the U.S. on robotics and related research. The West Europeans are estimated to be spending from two to four times as much as the U.S. The corporate giants of Europe and Japan are also heavily involved. Fiat, Renault, Olivetti, and Volkswagen have all developed their own robots, and many other European firms are marketing a wide variety of very sophisticated robots.
In Japan, Kawasaki, Hitachi, Yasakawa, Fanuc, and Mitsubishi all have major research laboratories and are also aggressively marketing a wide variety of industrial robots. Fanuc has teamed up with Siemens of Germany to market a very competi tive line of robots under the name General Numeric.
European and Japanese university efforts are heavily subsidized by the respective governments, and univer sity-industry collaboration is very close. Many university research laboratories are elaborately equipped with the most modern numerically controlled (NC) machine tools and the best robots. Many of these machines are donated by private in dustry. Government support for salaries and overhead makes it possi ble for the universities in Europe and Japan to sustain large and coherent research programs.
Even if the total U.S. effort were equivalent, the lack of centers of ex cellence supported on a consistent, long-term basis would put us at a serious disadvantage. The fact is that U.S. robotics research efforts are not as well funded nor as well organized as those of our overseas trading partners.
The Japanese have made the development of the automated fac tory a high priority item of national policy. European research is heavily subsidized by government funds. In both places, robotics technology is treated as crucial to national eco nomic development.
W h o l e a d s t h e w a y at h o m e ?
How much time and how much money will be required before in creased productivity through robotics becomes a reality at home? In my opinion, more than a few tens, but less than a few hundreds, of million dollars will be required to make robots capable of performing a suffi-Ό ω ω cient number of tasks to make signifi cant productivity improvements in industrial manufacturing.
More than a few hundred and less than a few thousand person-years of high-level scientific and engineering talent will be needed before robot software of sufficient complexity can be generated economically for smalllot batch production. In other words, a national R&D effort of at least one, and perhaps two, orders of magni tude greater than what has been done to date will be required to produce a significant impact on industrial pro ductivity. And more than just total dollars spent is important. Robotics research is systems research. At least a few stable, consistently funded research centers of excellence will be required.
Who leads the way in robotics research in the U.S.? Well, we have basically four types of research labo ratories: university level, nonprofit organizations, private industry, and government.
Foremost among the principal uni versity labs is the one at Stanford, where robotics research is of long standing. Tom Binford has been do ing pioneering work there in 3-D vi sion. His students have developed one of the most advanced robot pro gramming languages available, called AL for Arm Language. Stanford's artificial intelligence (AI) lab has pro duced a long list of ground-breaking projects in manipulation, hand-eye coordination, and robot assembly. Stanford is currently working on robot vision, a three-fingered hand, force sensing, robot programming languages, geometric modeling for vision, and programming.
MIT's Danny Hillis and John Hollerbach have been busy at work building robot skin made of thin sheets of rubber lined with tiny wires that detect pressure [see page 16]. These are being used to give robots a sense of touch.
At Carnegie-Mellon, a Robotics Institute was recently formed, with funding from Westinghouse, the Of fice of Naval Research, the Defense Advanced Research Projects Agency, and other industrial sponsors. The Institute has programs in flexible assembly, machining, sensory sys tems, vision, mobility, and intelligent systems. Other universities have smaller robotics efforts.
N o n p r o f i t a n d i n d u s t r y l a b s
The C.S. Draper Labs have been studying part-mating science and Odex I, a "functionoid," walks and performs other tasks.
assembly systems design for years. They have performed a variety of assembly experiments, studied the use of force feedback, and developed a theory of the use of passive com pliance in part-mating. SRI International has an extensive robot research program. Presently, emphasis is on machine vision for in spection and recognition. Some very sophisticated vision research is being done on overlapping parts using structured light to generate 3-D im ages and a combination of binary and gray-scale vision.
General Motors' major research efforts are concentrated on vision and have produced a new robot vi sion system called Consight. It has a u n i q u e m e t h o d for o b t a i n i n g silhouette images of parts on a con veyor belt that does not require back lighting and is not dependent on con trast between the part and the belt.
General Electric has a substantial reseach effort in robot assembly, robot vision, robot controllers, and a new VLSI microcircuit technology.
IBM has been involved in robotics research for a number of years and has developed a powerful program ming language called AML (a manu facturing language). It has also developed its own robot, which is used in its manufacturing operations and has recently been offered for sale.
Martin-Marietta has a robotics ef fort directed primarily toward NASA and Department of Defense interests. They are working on automated diag nosis and checkout of avionics, cock pit simplification, and various autonomous devices.
Machine Intelligence Corporation is a small company which, in cooper ation with Unimation, has developed the Univision system, the first com mercially available seeing robot, combining an advanced vision system with the Puma robot, programmable under VAL. M a n u f a c t u r i n g a n d g o v e r n m e n t
The major robot manufacturers also conduct a substantial amount of research. However, the level of fund ing in this sector is proprietary. Based on aggregate sales of about $150 million for the entire industry, it is probably around $15 million per year and scattered among 20 companies.
In government, the National Bureau of Standards is pursuing research related to interface stan dards, performance measures, and programming language standards for robot systems and integrated com puter-aided-manufacturing systems.
The Air Force Integrated Com puter Aided Manufacturing (ICAM) project has funded several robot development and implementation projects including a contract with General Dynamics, which introduced robots into drilling and routing ap plications in aircraft manufacturing. A contract with McDonnell-Douglas resulted in a programming language, MCL (manufacturing control lan guage), based on the APT NC tool language.
NASA has a number of small robotics projects at several of its centers: the Jet Propulsion Lab has a project in stereo vision, force feed back grippers, and the use of auto matic planning programs for mission sequencing applications. The Langley Research Center is doing research on robot servicing of spacecraft, and the Marshall Space Flight Center has developed a prototype robot arm for satellite refurbishing. The Johnson Space Center is managing the development of the Space Shuttle remote manipulator system.
The Naval Air Rework Facility in San Diego is funding the develop ment of robots to remove rivets and fasteners from airplane wings, to strip and repaint aircraft, and per form wire assembly.
The Naval Ocean Systems Center is currently exploring various military applications of robot and teleoperator systems. There are specific inter ests in teleoperated and robot submersibles, land vehicles, lighterthan-air vehicles, underwater manip ulators, stereoptic and acoustic vi sion, and remote presence. Total government funding for robotics is now $15 million a year.
Achieving the dream of the totally automated factory is not easy. It re quires research, development, educa tion, capital investment, and incen tives to do better. Robots have much promise but a long way to go. We are only beginning to understand some of the technical problems. We are many years, perhaps several decades, from making truly intelligent, highly skilled robots. But technical solutions will come. It is a matter of time, money, and intellectual resources.
